The purpose of this study was to determine whether thyroid state affects the beat-to-beat regulation of contractile strength in cardiac muscle. Transmembrane action potential and isometric force were simultaneously recorded in right ventricular papillary muscles from euthyroid, hypothyroid, and hyperthyroid rats. Large thyroid state-dependent alterations in the contractile response of the muscles were not accompanied by any significant difference in the action potential. During steady-state stimulation, single test stimuli were interpolated at varying intervals. Action potential duration and peak force of the test responses were plotted against the test stimulus interval to produce electrical and mechanical restitution curves. In all muscles studied, electrical and mechanical restitution followed different time courses; over a wide range of test intervals, action potential duration and peak force of the test responses changed in opposite directions. Thyroid state profoundly affected the recovery of contractile strength, while only minor differences were found among the electrical restitution curves of the three groups of preparations. Mechanical recovery was much faster in hyperthyroid and slower in hypothyroid than in euthyroid muscles. We conclude that electrical and mechanical restitutions occur through separate processes and that the thyroid state affects only the mechanisms responsible for the contractile recovery of rat myocardium. The modifications induced by thyroid dysfunction on contractile recovery might be accounted for by an effect of thyroid state on a time-dependent recycling of calcium by the sarcoplasmic reticulum. (Circulation Research
H ypothyroidism and hyperthyroidism induce marked changes in the contractile properties of the myocardium, as shown in several mammals, |Jt including humans. 5 These changes are considered primarily dependent on the effects of thyroid hormone on the contractile filaments. A large number of investigations have shown that in ventricular myocardium contractile protein adenosine triphosphatase (ATPase) activity, myosin isoenzyme distribution pattern, and velocity of muscle shortening are under control of thyroid hormone. 6 "" However, some mechanical and biochemical observations 12 " 16 strongly suggest that thyroid hormone may also affect the mechanisms that trigger and control cardiac contraction.
In the present investigation the study of mechanical restitution 17 was chosen as an approach to determine whether thyroid dysfunctions affect the excitationcontraction coupling of the myocardium. Mechanical restitution describes how the contractile strength of cardiac muscle is influenced by alterations of the preceding excitation interval. This and other features of the "short term" interval-force relation 18 are considered fundamental manifestations of calcium movements occuring between excitations in cardiac cells. 1920 This simple approach may, therefore, give indirect information on the behavior of calcium stores in the myo-cardium. Since action potential duration varies with the preceding stimulus interval, 21 which in turn can affect the mechanical response of the myocardium, the influence of the thyroid state on the time course of electrical restitution 2122 was also studied.
The experiments were carried out on thin papillary muscles isolated from euthyroid, hyperthyroid, and hypothyroid rats. Though the excitation-contraction coupling processes of rat cardiac muscle may be anomalous, 23 the same models of calcium kinetics as described for other mammals can be applied to the rat heart. 24 
Materials and Methods

Animal Model
Male Wistar rats, born and maintained at the Institute of Human Physiology (Pavia), were housed individually and divided into two treated groups (hyperthyroid and hypothyroid) and one control group (euthyroid). Both treatments used to alter the thyroid state of the rats were started at ages when the large postnatal modifications of the excitation-contraction coupling of rat myocardium were over. 25 Acute hyperthyroidism was induced by a daily subcutaneous injection of 20 fxg triiodothyronine (T3) (Sigma Chemical Company, St. Louis, Mo.) per 100 g body weight for 14-15 days. The animals were used for experiments 15-18 hours after the last dose. The treatment was started when the rats were 10-12 weeks old.
Hypothyroidism was induced in 8-9-week-old rats by putting them on an iodine-deficient diet (Hope Farms, Linschoten, Holland) for 6-7 weeks with distilled water during the first week and drinking water containing 1% KC10 4 for the following 5-6 weeks. A similar treatment has been shown to reduce the T3 and thyroxine (T4) levels by 85 and 75%, respectively. 26 Euthyroid rats consisted of untreated animals agematched with the hypothyroid and hyperthyroid rats (12) (13) (14) (15) (16) (17) weeks old at the time of sacrifice).
Before sacrifice, the electrocardiogram was monitored under light ether anesthesia. Then the chest was opened and the heart was quickly excised and washed in oxygenated Krebs bicarbonate solution at 26° C. The effects of the treatments were assessed by measuring the heart rate and the heart-to-body weight ratio (Table 1) .
Preparation and Solution
Papillary muscles removed from the right ventricle were used in all cases. The dissection was carried out under a Wild stereomicroscope at 16 x magnification. The right ventricle was opened, and both ends of the papillary muscle placed in the central position were tied with thin silk threads. The isolated muscle was then transferred to the testing apparatus. The length and diameter of the preparation were measured with a microscope fitted with an ocular micrometer. Since the papillary muscle tapered toward the chordae tendinae, the diameter was measured from the mean thickness of the central region of the preparation. The cross-sectional area of the muscle was usually assumed to be a circle and evaluated from the diameter. In some very flat preparations the mean width and thickness of the central region of the muscle were measured and used to calculate the cross-sectional area assumed to be an ellipse. In no muscle was the cross-sectional area larger than 0.5 mm 2 , implying no theoretical limit for oxygen supply to the preparations at the temperature and stimulation rates used in our experiments. 27 The muscles chosen for experiments remained stable for several hours; preparations showing spontaneous activity were discarded. Great care had to be taken of the muscles from hypothyroid rats since they often showed a tendency to develop spontaneous contracture; several preparations at the beginning of the investigation had to be discarded because of such mechanical behavior.
During dissection and experiments the muscle was kept in Krebs bicarbonate solution of the following millimolar composition: Na + 145. 
Apparatus
The muscle was mounted horizontally in a muscle chamber between two glass hooks, one of which was mounted on the rod of a tension transducer (Cambridge Technology Inc., Cambridge, Mass., Model 404). The resting length of the muscle could be adjusted by moving both the transducer and the other hook by means of micrometer devices.
Water was circulated from the tank of a thermostat (Neslab, Newington, N.H., Model Endocal) through channels in the walls of the muscle chamber.
Stimuli were applied through platinum multiwire electrodes placed parallel to the muscle axis on either side. Stimulus pulses of 3-millisecond duration were delivered by a homemade stimulator. The stimulus voltage exceeded the threshold value for excitation by approximately 50%.
Action Potential Recording
In some experiments, transmembrane action potentials were measured simultaneously with tension ( Figure 1 ). These measurements were made in the apparatus previously described. Conventional glass microelectrodes with a flexible shank were used to record membrane potentials. The microelectrodes were filled with 3 M KC1 and a resistance higher than 30 Mil as measured in the muscle bath. The reference and ground electrodes were made of silver wire electrically coated with AgCl. The electrometer had a high input impedance and was provided with a capacitance neutralization unit. Stimuli were applied to the muscle through a stimulus-isolation unit. To minimize mechanical artifacts in the recorded action potential: 1) care was taken to correctly align the preparation in order to reduce lateral and torsional movements; 2) the muscle was supported from below by a movable sheet of acrylic plastic to avoid downward displacements during contractions, and the mechanical response of the muscle was not significantly modified by the presence of the supporting device; and 3) the tip of the microelectrode was positioned on a region of the preparation where movement was minimal during contraction. Impalement was facilitated by contraction of the muscle and by tapping the bench. The microelectrode often remained in one cell for periods of one hour or more. The following criteria were used to select the 
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action potentials to be analyzed: 1) resting membrane potential more negative than -65 mV; 2) overshoot exceeding +10 mV; and 3) absence of mechanical artifacts.
Experimental Procedure
After it had been mounted, the papillary muscle was stimulated to contract under isometric conditions at a low rate (2 contractions/min) for 2-3 hours. During this equilibration period, the threshold stimulus voltage was determined and the stimulus strength was then maintained 50% above the threshold. Threshold voltage was checked periodically during the course of the experiment. Before the experiment was started, the muscle was gradually stretched to L max (the muscle length at which maximal isometric tension was developed by the preparation). Care was taken to keep the muscle at L max throughout the experiment since the phenomena of the "short-term" interval-force relation have been shown to vary with the resting muscle length. 28 The restitution processes were studied with the stimulation.patterns shown in Figures 2 and 3. The muscle was stimulated to contract isometrically at constant "control" intervals. When steady-state responses were obtained, a single "test" stimulus was applied to the muscle at varying intervals (test intervals). The test stimulus was followed by a stimulus at the control interval. The control stimulation rate was then maintained long enough to ensure the disappearance of all the effects of the alteration of the stimulation interval before a new test stimulus was given. Any stimulation sequence thus included the perturbation of a single stimulation interval.
To describe the full electrical and mechanical restitution processes the test interval was varied between a few milliseconds and 60-120 seconds. The stimulation pattern described above was repeated with various control rates of stimulation in the range 2-60 contractions/min.
Recording and Processing of Data
Muscle tension and membrane potential were displayed on a storage oscilloscope and monitored on slowly moving paper to obtain a complete record of the experiment. Recording and analysis of the electrical and mechanical responses of the muscles were carried out with a microcomputer-based system (Zilog, Cupertino, Calif., MCZ 1/20). The experimental signals and the stimulator output were fed to the computer through a 12-bit A/D converter. The sampling interval was usually 1-2 milliseconds in the experiments involving only mechanical measurements and 0.4-0.5 millisecond in the experiments in which action potentials were also recorded. Data from selected contractions and action potentials were stored on floppy disks and recalled for subsequent off-line analysis. For each contraction the computer evaluated the maximal rate of tension rise, peak developed tension, and several parameters usually measured to characterize the isomet-ric response. For each action potential the resting membrane potential, the overshoot, and the duration were evaluated. Action potential duration was measured from the rapid upstroke of the electrical response to repolarization at a defined voltage (-40 mV). This measurement mainly reflects the duration of the plateau of rat cardiac action potential. In fact, it includes the whole period when the slow inward current is activated, 29 while the long lasting final repolarization phase is excluded from the measure since it usually starts at or below -40 mV.
Recorded and processed data could be printed on the terminal and displayed on an XY recorder; the plotter was driven by the computer through the analog outputs of the D-A converter.
Results
Documentation of Thyroid State
The body weights, heart weights, and heart rates of control and treated rats at the time they were killed are shown in Table 1 . T3 injected rats developed a remarkable cardiac hypertrophy while the rats given KC1O 4 and low iodine diet showed hypotrophic hearts; the total ventricular weight, expressed as the percent of the body weight was increased by 49% in T3 injected rats and decreased by 23% in KC1O 4 treated rats. The modifications of the ventricular mass induced by the experimental treatments were homogeneous; the right ventricular free wall to total ventricular weight ratios were uniform in the three groups of animals. Heart rate was considerably increased in T3 injected rats ( + 50%) and reduced in KC1O 4 treated animals (-32%). The above modifications are consistent with the known consequences of hypothyroidism and hyperthyroidism.
Characteristics of Preparations
The mean dimensions of the right ventricular papillary muscles used in this study are given in Table 2 , Section A. The changes of the cross-sectional area found in the muscles of the treated rats are a further demonstration of the uniform effects of the experimental treatments on the ventricular mass.
Typical records of force and membrane potential obtained from euthyroid, hyperthyroid, and hypothyroid preparations at the end of stabilization are reported in Figure 1 . The large differences among the mechanical responses of the three groups are not accompanied by any relevant change of the electrical response. This can also be noted from the average data presented in Table 2 , Sections B and C. The action potential recorded from all types of preparations showed the wellknown features that are typical for normal rat myocardium: a very short plateau and a slow final repolarization phase. The latter appeared like a long tail beginning when the potential returned to approximately -40 mV and lasted 80-300 milliseconds. In the isometric twitch, the force developed by hyperthyroid muscles tended to be less than normal while no variation of the maximal rate of tension rise was observed. The main effects of the excess thyroid hor-mone were on the time course of the mechanical response, which was abbreviated in all its phases, even the latency. The relaxation was the most affected phase; its duration was reduced by 50%. In the papillary muscles isolated from hypothyroid rats the contractile strength also tended to be reduced, but the contraction was markedly and uniformly prolonged.
Electrical Restitution
The action potentials of the euthyroid, hyperthyroid, and hypothyroid muscles were affected in a similar way by changing the preceding stimulation intervals. The three groups of muscles were compared in this respect by constructing electrical restitution curves. 2122 In the curves shown in Figures 2A and 3A the durations of test action potentials, measured at a voltage of -40 mV and normalized to the values measured in the preceding control responses, were plotted against the test interval. The test interval is defined as the time from the last control stimulus to the test stimulus.
As shown in Figure 2A , the time course of the early phase of the electrical recovery was not significantly affected by the thyroid state. Immediately after a control action potential no response to a test stimulus could be obtained. The refractory period varied from 20-60 milliseconds; its duration was independent of the thyroid state of the animal. In all preparations the earliest effective test stimuli produced small and short action potentials. When the test interval was increased, the duration of the action potential quickly recovered and overshot the control value, attaining a maximum at 0.2-0.3 second. With further increase of the test interval up to the control interval the duration of the test action potential progressively subsided towards the steady-state level. The extent to which test action potentials were prolonged tended to increase with decreasing level of thyroid activity, but a large variability was found in this respect among the preparations of each group; some variation also occurred between different cells of the same muscle. In all preparations the time course of the early phase of the electrical restitution was unaffected by the control stimulation rate, except that the overshoot became slightly less pronounced with increasing rate.
To describe the full restitution process up to restedstate condition of stimulation ( Figure 3A) , the effects of test intervals longer than the control interval were checked. Very long intervals resulted in a shortening of the test action potentials. This effect was less pronounced in the hyperthyroid muscles than in the euthyroid and hypothyroid preparations. In all groups of muscles the shortening effect of long intervals on the action potential varied with the control stimulation rate: the higher the rate, the greater was the shortening of the action potential.
Mechanical Restitution
Variations of the thyroid state had pronounced effects on the time course of mechanical restitution. These effects have been shown by constructing the Values are mean ± SEM. *p < 0.005; tp < 0.001. Action potential duration was measured from the rapid upstroke to repolarization at -40 mV. Contraction duration was measured from the stimulus to the time required to reach 30% of peak developed tension during relaxation; relaxation duration was obtained by subtracting the time to peak tension from contraction duration. mechanical restitution curves 17 for all the muscles tested. The curves ( Figures 2B and 3B) were obtained by plotting the contractile strength of each test contraction vs. the test interval. Indexes of contractile strength were taken to be the values of peak-developed tension and the maximal rate of tension rise, both normalized to the corresponding steady-state values. In the figures, only the behavior of the former value is shown.
The major effect of the thyroid state concerned the early phase of restitution ( Figure 2B) . At intervals shorter than the control, the recovery of the contractile strength was faster in the hyperthyroid and slower in the hypothyroid than in the normal muscles. The shape of the restitution curves suggested that in all types of preparations the recovery occurred through several phases. In the earliest phase, test stimuli elicited no mechanical response or only a small increase and prolongation of the preceding control beat. The duration of this phase of almost complete mechanical refractoriness was inversely related to the level of thyroid activity, even if a correct quantitative description of this phase of restitution was not possible because of complete fusion of test and control responses. We chose as an arbitrary index of recovery the extra amount of tension development elicited by the test stimulus at the peak of the fused twitch. The mechanical recovery became rapid in a subsequent phase lasting up to intervals corresponding to the duration of the control beat. During this phase, test contractions were progressively less affected by fusion, and the effects of the thyroid state on mechanical restitution were clearly evident. In the hyperthyroid muscles, this rapid restitution led to an almost complete recovery of contractility in approximately 0.3 second. In the hypothyroid muscles the rapid phase of restitution was slower than in the normal preparations; however, it went on long enough (approximately 0.6 second) to lead to the same levels of recovery as those observed in the euthyroid rats. At longer intervals euthyroid and hypothyroid muscles underwent a slow final phase of recovery during which they regained the control strength of contraction. At the same intervals, no large modification of the force of test beats occurred in the hyperthyroid muscles. The effects of the thyroid state on mechanical restitution were the same also when the maximal rate of tension rise was used as the index of contractile strength. In all groups of preparations the restitution of the latter property was faster than that of peak developed tension. This difference was associated with the recovery of the time to peak tension. In all muscles the rate of mechanical recovery was slightly increased when the control frequency of stimulation was increased, but the shape of the curves and the effects of the thyroid state remained the same as described above. Figure 3B describes the time course from full mechanical restitution to rested-state contractions. Lengthening of the test stimulus interval beyond the control interval caused a marked increase of the contractile performance of the euthyroid and hypothyroid muscles; the degree of the "rest potentiation" increased as the control rate of stimulation was increased. The hyperthyroid preparations were scarcely affected by prolongation of the stimulus interval and the restitution curve was almost flat; a significant increase in the contractile performance could be obtained only at the highest control rates of stimulation used. In all muscles the inotropic effects of long intervals were greater when measured by the peak developed tension than by the maximal rate of tension rise, since also the time course of the delayed test contractions was modified. 
Postextrasystolic Potentiation
In normal rat myocardium, premature test stimuli caused a potentiation of the contraction after the test stimulus, a phenomenon known as postextrasystolic potentiation (Figure 4 ). The potentiated state took several beats to disappear. The degree of potentiation depended on the test interval exhibiting a maximum at 0.210 ± 0.008 second (n = 10, rate 30 contractions/ min.). Variation of the thyroid state affected the features of postextrasystolic potentiation. In the hyperthyroid muscles, the potentiation was very small and in some preparations absent; when the potentiation did occur, it attained its maximum value at a test interval of 0.136 ± 0.018 second (n = 5). In the hypothyroid muscles the optimal interval for potentiation was 0.273 ± 0.005 second (n = 7); the degree of potentiation was similar or even higher than in the euthyroid muscles. However in the hypothyroid preparations the potentiation was difficult to study, since in most muscles of this group early test beats were followed by aftercontractions ( Figure 5 ). When aftercontractions occurred, the degree and kinetics of potentiation were modified. It is of interest that the strength of the aftercontraction depended on the test interval as did the regular beat that followed the test contraction.
Discussion
It has been shown in the past 12 that the steady-state interval-force relation of guinea pig atrial myocardium is modified in hyperthyroidism. The results of the present study demonstrate that thyroid state also influences the short-term interval-force relation of rat ventricular myocardium. The major finding of this investigation is that the early phase of mechanical restitution is profoundly affected by variations of the thyroid state without major modifications of the time course of the electrical recovery. As will be discussed in more detail below, the results may be interpreted in terms of thyroid state-dependent changes of the intracellular stores of activator calcium.
Comparison With Previous Work
The treatment used in this investigation to induce hypothyroidism led to an impairment of heart growth similar to that reported by other authors who induced hypothyroidism in the rat with different methods. 2 "' 31 ' 32 Also, the reduction of myocardial force development and the pronounced prolongation of the time to peak tension found in hypothyroidism are in agreement with the data of Holubarsch et al." The tendency of hypothyroid preparations to develop spontaneous contracture has already been reported. 10 This feature and the aftercontractions frequently observed in the hypothyroid papillary muscles may suggest an impairment of the calcium sequestering system.
The 50% increase in the heart-to-body weight ratio of thyrotoxic rats is close to that found by Sanford et al. 33 A reduction of peak developed tension as a consequence of hyperthyroidism has already been shown in the rabbit 4 whereas the opposite has been described for the rat. 15 The discrepancy with the latter study may be due to a difference in the experimental conditions. In fact, a low stimulation rate and an external calcium concentration of 2.5 mM, as used for the data of Table  2 , are conditions for maximal force development in rat myocardium; 34 other experimental conditions may reduce the contractile performance of normal myocardium more than that of hyperthyroid preparations. In any I sec 10 sec case, our finding is not likely to reflect a true impairment of the force-developing ability of the myocardium of thyrotoxic rats; rather, it is probably due to time constraints in the activation of the contractile proteins. In fact, shortening of the mechanical response in hyperthyroid muscles is pronounced. Of particular interest are the abbreviation of the latency time and the acceleration of relaxation, as reflected in the duration of this phase and in the maximal rate of decline of tension. These modifications suggest that the excess of thyroid hormone may influence the processes that release and remove calcium from the cyttiplasm.
In contrast with the marked and constant alterations of the time course of the isometric twitch observed in various thyroid states, no relevant change of the action potential could be found. The same has already been described in hyperthyroid rats 15 while the effect of the hypothyroid state on the action potential of rat ventricular myocardium has not been reported previously.
Effects of Thyroid State on Restitution
Our data on electrical restitution are consistent with previous reports on isolated ventricular preparations of normal rats. 2430 The time course of electrical restitution was independent of the thyroid state. However, in the hyperthyroid muscles the duration of the action potential was less affected by variations of the preceding stimulus interval; this can be related to the modest interval-sensitivity also shown by the contractile strength of these preparations (see below).
The mechanical restitution observed in the euthyroid muscles reflects the typical behavior of rat myocardium in which maximal force is developed after a long rest. 24 •" Variations in the thyroid state are associated with large changes of the time course of mechanical restitution. The changes involve the early phase of recovery in hypothyroidism and the full restitution process in hyperthyroidism.
Before considering possible explanations for these results, one must be sure that factors other than the thyroid state itself are not responsible for the differences found. Comparisons made among different papillary muscle preparations are difficult to interpret since the mechanical behavior of the muscle is affected by internal inhomogeneities, mainly due to the damaged end regions. 3637 The importance of these factors can vary, especially among preparations with different geometrical characteristics. The papillary muscles isolated from the three groups of rats differred significantly in cross-sectional area. To evaluate whether and how the dimensions of the preparations contribute to the time course of mechanical restitution, we compared the behavior of papillary muscles isolated from the left and right ventricle of euthyroid rats. These two preparations differ substantially in cross-sectional area. As shown in Figure 6 , in the left ventricular muscles the recovery of contractile strength is slower than in the right ventricular preparations. Slight but similar differences were also observed when thick and thin preparations of the right ventricle were compared. This indicates that the data of Figure 6 do not reflect a fundamental difference between the myocardium of the left and right ventricles, but rather it suggests a slight dependence of the restitution curve on the crosssectional area. However, this dependence is in the wrong direction to account for the modifications observed with variations of the thyroid state.
The possibility must also be considered that the large effect of the thyroid state on the early phase of the mechanical recovery is an artifact resulting from the difficulty of describing this period of the restitution with accuracy. However, the differences induced by variation of the thyroid state are still evident when fusion no longer affects the measurement of the strength of test contractions. Moreover, results similar to those reported in Figures 2B and 3B can be obtained when other methods are used to measure the contractile strength of test contractions (maximal rate of tension rise, tension time area).
The effects of changes in thyroid state on postextrasystolic potentiation are consistent with the observations that we have made on restitution. The degree of postextrasystolic potentiation and its dependence on the test interval have been related to the time course of mechanical restitution 38 and to the prolongation of the extrasystolic action potential. 20 The modifications of potentiation found in the hyperthyroid rat myocardium are consistent with the high rate of restitution and the smaller prolongation of premature action potential observed in these preparations. The same reasoning might be applied to hypothyroid muscles, but in these preparations the features of potentiation are masked by 8 sec the aftercontractions that frequently occurred after a premature test beat.
Mechanisms Underlying Changes in Restitution
The mechanisms whereby the thyroid state influences the mechanical restitution of rat myocardium remain to be determined. From the present results it is obvious that differences in action potentials are not responsible for the different mechanical behavior of the three groups of muscles. In the early phase of recovery, the leftward shift of the mechanical restitution curve found with increasing thyroid activity is not accompanied by a similar displacement of the electrical restitution curve. This further supports the idea that the early recoveries of electrical and mechanical responses are at least in part independent and occur through separate mechanisms. 39 The thyroid state affects only the mechanisms responsible for the mechanical refractoriness of the myocardium. At intervals longer than 0.3 second a negative correlation between action potential duration and contractile strength is evident in all groups of muscles (Figures 2  and 3 ). The opposite effects of the control stimulus rate on electrical and mechanical restitution are consistent with the existence of the inverse relation. A possible explanation for this inverse relation is that the same factor determining the force of contraction (i.e., the amount of calcium released into cytoplasm) can also influence the duration of the action potential but in the opposite direction. In light of this hypothesis, the smaller interval-sensitivity of the electrical responses of hyperthyroid muscles might be accounted for by the effects of thyrotoxic state on the mechanisms underlying mechanical restitution.
Therefore, it seems likely that thyroid-state-dependent changes of mechanical restitution curve are determined by modifications of the cellular handling of activator calcium. Several studies (see Wohlfart and Noble 39 for a review) have suggested that the time course of mechanical restitution of cardiac muscle reflects the time after excitation required to refill an intracellular-releasable store with calcium. The time course of this process should depend on: 1) the rate with which calcium is recirculated from the cytoplasm to the releasable store through a functionally separated uptake store, and 2) the features of transarcolemmal calcium fluxes occurring during systole and diastole.
Since most of the activator calcium remains in the cell after release 2428 we consider first the possible effects of the thyroid state on the rate of calcium recirculation. Suko 13 has demonstrated that in rabbit heart the rate of calcium transport by the sarcoplasmic reticulum increased considerably with increased thyroid hormone levels. Changes in the rate of calcium uptake induced by thyroid dysfunction might explain the variations of the restitution rate observed in rat myocardium at short test intervals.
The mechanism by which thyroid state can affect calcium accumulation by cardiac sarcoplasmic reticulum is not clear. This effect does not seem to be mediated through catecholamines even though the number /3-adrenergic receptors is controlled by thyroid hormone. 40 If a stimulus-induced release of catecholamines were responsible for our results, the effect of thyroid state on restitution should have been strongly influenced by the frequency of stimulation. This was not the case, and large differences among the restitution curves were found even at a rate of stimulation (2 contractions/min) that is probably too low to allow any appreciable accumulation of liberated catecholamines. On the other hand, clear evidence is now available documenting direct effects of thyroid hormone on the heart; 41 it has been suggested 42 that thyroid hormone influences the mechanisms controlling the phosphorylation of cardiac sarcoplasmic reticulum and the density of the calcium transport sites. The former effect might also explain the similarities between the mechanical behavior of the hyperthyroid myocardium and the response of /3-adrenergic stimulation.
In hyperthyroid rats, a fast calcium uptake could also be responsible for the acceleration of the isometric twitch, particularly since no significant change in the properties of the contractile proteins can be detected in these animals. In fact, in euthyroid rats of the same age as those used in the present study, over 90% of the myosin is the VI "fast" isomer, so administration of thyroxine has little influence on the population of myosin isoenzymes. 43 This behavior is consistent with the observation that cardiac myosin ATPase activity 31 and velocity of muscle shortening 44 are not modified in young hyperthyroid rats. On the other hand, induction of the hypothyroid state in young rats does alter cardiac contractile material as shown by the shift of the myosin isoenzyme population toward the "slow" V3 isoform and by the reduction of myosin ATPase and shortening velocity." 31 Therefore, in hypothyroid rat myocardium both an impairment of the calcium sequestering system arid the change of the contractile apparatus may contribute to the observed prolongation of the isometric twitch.
A final comment concerns the late phase of mechanical restitution modified in hyperthyroidism. In normal rat myocardium, the time course of the late restitution is supposed to reflect a slow diastolic inflow of calcium from the extracellular space, which leads to complete filling of the releasable store. 24 In hyperthyroid rat myocardium the importance of such a mechanism is negligible since complete replenishment of the releasable store is assured within a short time after a preceding excitation and the amount of releasable calcium does not significantly increase with time.
